Abstract-The composite backscattering of the ship model on sea surface is investigated with the spilling breaking waves and ship bow waves. The spilling breakers are approximately modeled with the wedge-like waves, and the ship bow waves are simulated based on the Kelvin model. With the modified four-path model, each scattering component is evaluated with the high frequency approximation methods for the total composite scattering. Due to the volume scattering, the composite scattering at large incidence angles is strongly enhanced by the non-Bragg scattering. The relationship of the composite scattering and the ship motion is analyzed. The numerical results of sea surface scattering agree with the measured data well, and the complex physical mechanism of the low-grazing-angle composite scattering is explicitly evaluated in this paper.
INTRODUCTION
The investigation of the composite electromagnetic scattering of the ship on sea surface at large incidence angles is the theoretical base for the target detection and high-resolution radar imaging in sea environments [1] [2] [3] [4] . Due to complex sea state and multi-interactions between the isolated target and the sea background, the simulation of the full composite scattering is of difficulty for years [5] [6] [7] [8] . Different from the pure numerical methods, the high frequency approximations efficiently provide accurate evaluation and convincing physical insight.
Although the Bragg theory has successfully explained the sea surface scattering in small and moderate incidence angles [7, [9] [10] [11] [12] [13] [14] , some discrepancies between the predictions and the experiment observations are still observed. According to the experimental data obtained in different sea environments, it was suggested the super events are closely related to the non-Bragg scattering attributed from the breaking waves [15, 16] The scattering of the one-dimensional (1-D) breaking waves, which was generated with the LONGTANK, was combined with the sea surface [17] [18] [19] [20] . Moreover, the nonBragg scattering was taken into the distributed surface scattering with the whitecap coverage [21] . Since it was observed that the sharp wave crests is wedge-shaped [22, 23] , the dihedral wedge was used to approximately simulate the breaking waves. In addition, the geometric parameters on the scattering were discussed with numerical methods [24] [25] [26] .
Due to the horizontal motion of ships in real sea environment, the breaking bow waves and the ship wakes are generated at the bow and the stern respectively. Although the scattering of the ship wakes has been fully investigated with the SAR (Synthetic Aperture Radar) data [27, 28] , the influence of the bow waves on the composite scattering from the ship and sea surface is rarely studied in the literatures.
In this paper, the composite backscattering of ship on sea surface is numerically modeled. The full geometric model of the ship and sea surface with the wedge-like spilling waves and the ship bow waves is described in Section 2. Under the frame of modified four-path model, the scattering of the sea surface with breaking waves, the ship and the bow waves are analyzed in Section 3. Section 4 compares the numerical results with the experimental data and other methods, and evaluates the composite scattering in different conditions. Some conclusions are presented in Section 5.
GEOMETRIC MODEL
The wind blowing over the sea surface generates wind-driven sea surface. As the high frequency sea spectral components are fully saturated, the wave breaking occurs on the sea surfaces. The locations and the geometric shapes of the breaking waves are the two key points of the simulation of wave breaking.
Recently, the criterions of the wave breaking are the geometrical criterion, kinematic criterion and dynamic criterion, which can be utilized to locate the breaking point on sea waves. According to the solutions to the hydrodynamic equations, the geometrical criterion is used in this paper. If the slope of the sea surface exceeds 0.586, the sea wave is broken.
The evolution of the wave breaking is sorted into three stages: plunging breakers, spilling breakers and surging breakers. As the spilling breakers is sharply steepened and does not contain the air, this paper use the spilling ones to simulate the typical complex sea surfaces. For the sake of simplicity, it is assumed that all the breakers on the sea surface are in spilling stage. According to the measured sea clutter and photographs in experiments, the spilling ones are approximately simulated with the dihedral wedges of finite length shown in Figure 1 . The dihedral wedge is characterized by the internal angle β, length d, width 2l and height h, and the validation of the approximation has been proved [29] .
Strong ship waves are generated near the bow and stern of moving ships on sea surface. Generally the breaking initiates in the form of a large plunging jet that originates as a sheet of water, climbing up the hull just aft the stern. The energy, which is supplied by the engine of the ship, is converted from the mean flow into energy in the turbulent flow in the wakes by the breakers [30] .
Lord Kelvin assumed that the ship is an ideal disturbance source, and modeled the ship wave with divergent and transverse waves [31] . When the ship moves along the −x axis, the ship waves propagate and diffuse along the x axis. The Kelvin ship waves are expressed with the superposition of the plane wave
k K is the wavenumber and φ is the angle between the edge of ship waves and x axis. F (φ) is the characteristic parameter of the ship, which is a complex number. For the sake of simplicity, the thin ship model is used as shown in Figure 2 . F (φ) is expressed as Figure 1 . Wedge-shaped spilling breaker. 
Y (x, z) is the shape of the water line on the ship. B and L are the half ship width and half ship length respectively. D is the draft of the ship. The amplitudes and phases of the wave components along the φ direction are given with F (φ). With Equations (2) and (3), Equation (1) is rewritten as
The Kelvin ship wave
, and f is the viscosity coefficient.
As shown in Figure 3 , the Kelvin ship waves are modeled with thin ships. We build the sea surface with the spilling breakers and the ship bow waves firstly, the details of the model meet Ref. [29] , here the scale grid of surface is set to 1×1 m 2 and the sea surface area is 100×100 m 2 . 
Combined with the spilling breakers and the ship bow waves, the complex ship-sea geometric model is fully established. Different from the previous ship-sea model, this new model includes the interaction between the ship and the sea waves, which is of significance for the composite scattering in large incidence angles. Once the geometric model is established, we could use the four-path model based on image theory to analyze the composite scattering mechanism of ship on sea surface in high frequency bands as following.
COMPOSITE BACKSCATTERING MODEL
For the sake of the complex scattering mechanism of ship on sea surface, the composite scattering is considered as a multi-path scattering mechanism in high electromagnetic frequency bands. The four-path model based on image theory can be adopted to analyze this process. The electric scattering field is usually expressed as four scattering paths
With the method of equivalent currents (MEC), the direct scattering field E t of the target is represented as
E t is the summation of the scattering field E wedge of the wedges which constitute the geometrical target model. I and M , which are the equivalent edge electrical current and magnetic current (EEC) flowing along the edge, has three major types [32] and k 0 , η 0 , k s indicate the wave number of incident wave, the vacuum wave impedance and the unit vector of the scattering wave.t and r donate the tangent unit vector on the edge of the surface and the position vector of the edge point. s is the distance from the wedge to the radar receiver, and dl is the line element on the edge of the surface C. The equivalent edge currents for geometrical theory of diffraction (GTDEEC) which involves both the diffraction and reflection fields is chosen in this paper. According to the image theory, E ts , E st and E sts , are regarded as the target bistatic scattered fields for corresponding paths with the sea surface reflection coefficients in this paper. The coupling scattering field includes the coherent component in the specular direction of the multiple scattering paths. Since the Fresnel reflection coefficients only represent the specular scattering, a damped reflection coefficient ξ and an extra random phase shift φ are introduced to include the roughness of the sea surface. Then the modified reflection coefficients are expressed as
where the R ⊥ and R are the Fresnel reflection coefficients, k is the electromagnetic wave number in the free space and θ i is the incidence angle. σ is the root mean square (RMS) height of the sea surface and ζ (r) is the undulating height of the sea surface at the reflection point.
In the realistic ocean environment, the sea clutter has significant influence on the composite scattering. With the addition of the sea scattering field E s , the four-path model is modified as
The two-scale model (TSM) [33] , which reckons that the waves contributing to the Bragg process are locally tilted by large-scale waves, is widely used to calculate sea scattering. The classical TSM are used to calculate the scattering coefficient based on the sea spectrum other than the height fluctuation of the sea surface. In order to obtain sea surface scattering field, the TSM is modified as the facet-based model [34, 35] , in which both phase shifts associated with the traveled path distance and the reflection coefficients for each scattering facet are considered
M and N are the sampling number of the sea surface model. z x (x m , y n ) is the slope of the sampling point (x, y) in the x direction. I ij and ∆S are the scattering intensity and area of single facet respectively. σ SPM pq (θ i ) is the small perturbation method (SPM) solution to the scattering from the small scale. ϕ max is the maximum of the phase difference in the facet and ξ is a random number between −0.5 and 0.5 (ξ ∈ [−1/2, 1/2]). r is the location of the facet in the global reference frame and (k i − k s ) · r presents the phase delay caused by the relative position of the facets.
According to the super events in high-resolution radar observation [15] , the classical composite model cannot fully explain the measured sea clutter with the Bragg theory at large incidence angles. The wedge-like spilling breakers located on the sea surfaces are introduced to account for the non-Bragg scattering, and the volume scattering of finite dihedral wedges is analyzed with the MEC [29] .
Different from the spilling breakers on the sea surface, the bow waves are caused by the moving ship. According to Equation (1), the Kelvin bow waves are closely related to the shape and speed of the ship, and are independent of the time term and sea state. Thus, the Kelvin bow waves can be considered as deterministic targets. Since it is apparent that the bow waves are in electromagnetically large size, the MEC is used to evaluated the scattering of simulated ship bow waves.
NUMERICAL RESULTS
The phase-modified TSM including the breaking waves is compared with the measured data in Figure 4 . The measured data were collected from the moderate incidence angles to the low grazing angles at L band [36] . According to the numerical models of breaking wave [17] , the width and the length of the wedge are 10λ and 12λ respectively. The HH polarization backscattering coefficients are compared under different wind speed. The wind speed of simulation in this paper is 19 m/s and the frequency is 1228 MHz. The solid line indicates the TSM with breakers scattering component, and the dashed line indicates the tilting modified Bragg scattering. The discrete symbols are the measured data under different wind speeds. It is observed that the discrepancy between the classical TSM and the modified one is unconspicuous in moderate incidence angles. While the underprediction of Bragg scattering in large incidence angles is apparent, the significantly enhanced backscattering is found from the modified TSM with breakers in low grazing angles. In addition, the simulated backscattering coefficients are compared with the experiment data of U = 18 − 20 m/s detailed and the mean absolute percentage error (MAPE) is calculated. For moderate incidence angles (30 ∼ 60 deg), the MAPE of TSM is 10.26%, while the MAPE of TSM + breaking wave is 10.95%; for large incidence angles (60 ∼ 90 deg), the MAPE of TSM is 27.79% and the MAPE of TSM + breaking wave is 5.39%, which indicates the method of TSM + breaking wave is better than TSM for large incidence angles, and the parameters of the wedge prove to be reasonable for the agreements of the composite model with the measured data. The classical TSM and the modified TSM with breaking wave are compared under different wind speeds in Figure 5 .
The incidence electromagnetic wave is 10 GHz, and both the VV and HH polarizations are considered. It is noted that the increment of the HH polarization is much larger than the one of VV counterpart. At low grazing angle, the increment of HH is more than 10 even 20 dB, while the increment of VV is just 3 to 4 dB. Thus the HH polarization becomes comparable with the VV polarization in special incidence directions, which is referred as polarization independent. With the increasing wind speed, the increment caused by the breaking waves is weakened. This indicates that the roughness of the sea surface is enhanced by the wind, which increases the randomness of the sea surface fluctuation.
The radar cross section (RCS) of the ship bow waves is evaluated in Figures 6 and 7 . The ship width keeps 2 m, and the frequency of the incidence electromagnetic wave is 14 GHz. The comparisons in Figures 6 and 7 show that the HH polarized scattering intensity is weaker than the VV polarized one, and the average scattering intensity of the VV polarized and HH polarized are listed in Table 1 . Table 2 . The mean values of five points near the peak on the left side in Figure 6 .
Five points l = 6 m l = 10 m l = 14 m The strong specular reflection from the bow wave surfaces is observed in the vertical incidence direction and moderate incidence angles. Figure 6 shows that the influence of the ship length on the scattering is unconspicuous, but the peaks of the backscattering RCS decrease with the increment of the ship length, and the mean value of five points near the peak on the left side is in Table 2 . It is also found that the scattering from the bow waves is enhanced by the increasing ship speed in Figure 7 , and also, the mean value of three points near the peak on the left side is in Table 3 . The components of the composite scattering from the ship on the sea surface are shown in Figure 8 , in which both the spilling breakers and the bow waves are included. The ship width and the ship length are 2 m and 20 m respectively. The ship speed is 20 m/s. Different from the backscattering of the sea surface, the two peaks are observed at 45 • and 72 • incidence angle, which are caused by the scattering component of the bow waves. Moreover, the bow waves lead the oscillation of the backscattering RCS from 50 • to 80 • incidence angle. Figure 9 (a) shows that the scattering component of the bow waves is weaken by the increment of the ship length (the mean value of eight points near the peak is in Table 4 ), which lead to the decrease of the width of the peak of the composite scattering. It is noted that the ship of small size may cause strong composite scattering because of bow waves. Figure 9(b) shows the influence of the ship speed on the composite scattering, and the mean value of nine points near the peak is also in Table 4 . It is observed that the peak of the composite scattering apparently increase with the ship speed in 72 • incidence angle. The simulated results indicate that the composite scattering is closely related to the ship speed. It is concluded that the analysis of the microwave scattering of ships in sea environment should include the motion feature of the ships. 
CONCLUSION
A modified composite model of ship on sea surface with spilling breakers and ship bow waves is proposed in this paper. The complex breakers are approximately simulated with the finite dihedral wedges, and the breakers are located with the slope criterion. The fair correspondence of the numerical results with the measured data proves the validity of our scattering model. The relationship of the composite scattering and the ship speed is observed in the simulated results, which is apparently different from the previous static composite scattering models. Our study provides refined understanding of the sea clutter, which is helpful for target detection in the open sea environments.
